yeastlike fungus, probably belonging to the genus Torula, was isolated from fresh pollen and was shown to produce erythritol in yields of 35 to 40% of the sugar utilized. The ability to produce erythritol is an inherent characteristic of the isolate, but unfavorable fermentation conditions can lead to the production of glycerol at the expense of erythritol. By the use of a synthetic medium, it was shown that the concentrations of both nitrogen and phosphorous in the medium must be closely controlled to obtain satisfactory erythritol yields.
erythritol yields.
The polyhydric alcohol, erythritol (C4H1004), is an expensive and rare chemical, only the meso form of which is found in nature (Karrer, 1947) . Erythritol is found in the free state in algae, but in the lichens it is found as the ester of lecanoric acid. Binkley and Wolfrom (1950) were the first to suggest that erythritol could be produced by yeast, because they detected traces of erythritol in the residue of fermented Cuban blackstrap molasses. Nickerson and Carroll (1945) demonstrated that Zygosaccharomyces acidifaciens produced glycerol in significant yields in an anaerobic fermentation. It remained for Spencer and Sallans (1956) to show that many of the osmophilic yeasts were capable of producing the polyhydric alcohols, glycerol, D-arabitol, erythritol, and mannitol in good yields under aerobic conditions. Peterson, Hendershot, and Hajny (1958) surveyed classified cultures of the osmophilic yeasts for their ability to produce the polyhydric alcohols. Hajny, Hendershot, and Peterson (1960) isolated various osmophilic yeasts, and chose one isolate for further study of the factors affecting glycerol production by the isolate.
The primary objective of the present work was to attempt to find an isolate that would produce erythritol as the sole polyhydric product. Many osmophilic yeasts will produce erythritol together with glycerol or arabitol, or both, but such a mixture is difficult to separate and purify. Osmophilic yeasts in the culture collection were examined for erythritol production. One of these meeting the requirements of the authors was chosen for further study concerning the factors affecting erythritol production.
MATERIALS AND M\IETHODS Organisms. The organisms chosen for study were part of a group that had been surveyed earlier for their polyhydric alcohol-producing ability (Hajny et al., 1960) . The original isolates had been made with material obtained from an apiary, and had consisted of brood comb honey, brood comb pollen, fresh pollen, and fresh clover heads growing near the apiary. Of the four cultures selected for this study, three were obtained from fresh pollen, and the fourth, culture l8, was obtained from a clover head.
Individual cultures were selected by inoculating 50 ml of a medium containing 40 % glucose and 1 % yeast extract in 500-ml Erlenmeyer flasks with the carrier material and incubating for several days at 30 C on a reciprocal shaker. When good growth had occurred, the cultures were streaked on 20 % glucose, 1 % yeast extract, and 2 % agar plates. Individual colonies were picked and transferred to stock slants containing the same medium as used in the plates, with the exception that 0.1 % urea was added to the medium. During the course of this work, stocks were transferred every 2 weeks.
Fermentations. Fermentations were run routinely in 500-ml Erlenmeyer flasks. These flasks were capped with two layers of milk filter discs in place of plugging cotton, to provide a uniform material for gas passage. A medium consisting of 10 % glucose, 0.5 % yeast extract, and 0.1 % urea was used. This medium was used as a standard by which yields of erythritol could be judged when changes were made in fermentation conditions or in the medium. Departures from the standard medium are noted in the text or tables; 50 ml of media were used in 500-ml Erlenmeyer flasks and sterilized at 121 C for 15 min.
Inocula were prepared by transferring a loop of the culture from the stock slant to 50 ml of the standard medium in a 500-ml Erlenmeyer flask. This was then incubated at 30 C for 72 hr on a reciprocating shaker. For the test fermentation, 5 % by volume of the inoculum was used. When the synthetic medium was used, the inoculum was centrifuged, the supernatant fluid decanted, and the yeast washed twice with sterile distilled water. The yeast was made back up to the original volume with sterile distilled water and, again, a 5 % (by volume) inoculum was used. The fermentations were run on either a reciprocating or rotary shaker, depending upon the degree of aeration desired. Replicate fermentations were run and analyses usually made at 24-hr intervals, or when the fermentation was judged to be complete.
Analytical methods. Under varying conditions of aeration and length of fermentation time, evaporation was variable, so that all samples of fermented liquor were made back to the original volume before analysis.
Yeast growth was measured by centrifuging a sample of the fermented liquor, washing the yeast twice with distilled water, and drying for 6 hr at 105 C.
The supernatant liquid from the yeast centrifugation was used for further analyses. Glucose was measured by the method of Shaffer and Somogyi (1933) . Erythritol was separated from the sugars and other polyols by paper chromatography, as described by Moore et al. (1960) . The developing solvent consisted of n-butanol-pyridine-water in the ratio of 10:3:3 by volume. Erythritol was eluted from the paper and determined by periodate oxidation, according to the titration method of Bradford et al. (1942) or the colorimetric method of Neish (1952) .
Aeration efficiency was determined by the sulfite oxidation method of Cooper, Fernstrom, and 1\Iiller (1944) . The use of smooth and indented flasks and varying speeds on the rotary shaker allowed for a wide range of sulfite oxidation values.
RESULTS AND DISCUSSION
Cultures. In the original survey of osmophilic yeast isolates (Hajny et al., 1960) , four cultures had been shown to produce erythritol. These four cultures were used in the present study to ferment the standard medium under identical conditions. The results are shown in Table 1 .
Three of the cultures, L2A, 13C, and 122A, produced good yields of erythritol. The fourth culture, 18, produced less erythritol and much more glycerol than did any of the other cultures. Culture L2A was selected for further study, because on chromatography no evidence was found for either glycerol or arabitol in the beer, whereas traces of these two polyols were found in the beer from culture 13C and 122A. (Table 2) .
A temperature of 35 C results in good sugar utilization, but glycerol is produced in substantial amounts along with the erythritol. At the lower temperatures of 25 and 30 C, there was no evidence on the paper chromatograms of any glycerol production. Since sugar utilization was faster, and the yield of erythritol was highest at 30 C, this temperature was used for the fermentations for the remainder of this work. Substrates fermented. It was of interest to determine what substrates could be used by culture 2A for the production of erythritol in aerobic fermentations. The results of these fermentations are shown in Table 3 . The substrates fall into three well-defined groups: those in which there is no growth beyond that of the yeast extract control, those in which there is yeast growth but no erythritol production, and those in which there is good growth and erythritol production. Inositol, xylitol, galactose, xylose, arabinose, lactose, and raffinose show no growth. Mannitol, glycerol, and erythritol support good growth of the organism but no erythritol production. Glucose, fructose, mannose, maltose, and sucrose all showed good growth and erythritol production.
Effect of yeast extract and urea concentrations. In the standard medium, the ingredients, aside from the glucose, are yeast extract and urea. The effect of changes in yeast extract concentration on the yield of erythritol is shown in Table 4 . Yeast extract concentrations were varied from 2.0 to 0.25 %. At the highest level of yeast extract concentration, yeast growth was excessive, and erythritol yields were very low. At the lowest level of yeast extract concentration, erythritol yields, based on sugar consumed, were Although all of the products tested proved to be capable of producing excellent yields of erythritol, corn steep liquor was chosen for further study because, at low concentrations, it produced good yields of erythritol and appeared to give a somewhat faster fermentation than did the other products. In Table 6 are recorded the results of fermentations in which corn steep liquor and urea were the source of nutrients and nitrogen, and in which the glucose concentration ranged from 6 to 35 %.
The nitrogen content of the various media ranged from 0.04 to 0.122 %. The standard 0.5 % yeast extract and 0.1 % urea medium contains 0.086 % nitrogen. The corn steep medium at this level of nitrogen is satisfactory for a medium of 10 % glucose concentration. At the 6 % level of glucose, 0.05% nitrogen in the medium resulted in fast fermentations with low yields of erythritol. At the 35 % glucose concentration, 0.12 % nitrogen resulted in good yields of erythritol. At this high level of glucose concentration, the proportion of the total nitrogen added, due to corn steep liquor, was varied from about 16 to 65 %o. At the highest level of corn steep used, glucose utilization was also at the highest level. It is obvious that, at this high glucose level, nitrogen is not limiting for growth of yeast, because the highest level of corn steep produced twice the yeast growth of the lowest level, although total nitrogen in the media was essentially the same.
It is evident that corn steep liquor contains some nutrients such as vitamins, potassium, phosphorus, or trace elements that become limiting at low levels of corn steep. Owing to this fact, as well as to the fact that excessive yeast growth results in low yields of erythritol, it is necessary to adjust carefully the total nitrogen in the medium, as well as the proportion supplied by the corn steep to the concentration of glucose used in the medium, to obtain maximal yields of erythritol. One of the most interesting facts brought out in Table 6 is that high concentrations of erythritol can be obtained in the fermented beer. Thus, for a medium containing 35 % glucose, 13.3 % erythritol was found in the fermented medium. High concentrations such as this would be especially useful in recovery of the erythritol.
Effect of aeration. In this fermentation, aeration is necessary for the production of high yields of erythritol. To determine the effects of aeration, a series of fermentations at different levels of oxygen availability was made in which the medium contained 10 % glucose, and the yeast growth was held at 13 mg/ml. Oxygen availability, as determined by the sulfite oxidation method, ranged from 0 mmole of oxygen per liter per hr in an anaerobic fermentation to 200 mmoles of oxygen per liter per hr. The various levels of aeration were obtained by using smooth and indented flasks and by varying the speed of the rotary shaker.
In the anaerobic fermentation, substantial quantities of ethyl alcohol were produced, but only trace amounts of erythritol. As the aeration level increased, erythritol yield increased, with a maximal yield between 40 and 60 mmoles of oxygen per liter per hr. Above 60 mmoles of oxygen per liter per hr, yields of erythritol decreased slightly.
It was of interest to determine whether sugar concentration or yeast concentration had an effect upon the aeration necessary for good erythritol yields. In Table 7 , the results of fermentations are given in which two levels of aeration, three levels of glucose concentration, and two levels of yeast concentration are used. The limiting nutrient for yeast growth in the medium used is the nitrogen, so that dried yeast levels of 13 and 25 mg/nil were achieved by adjusting the nitrogen content of the media.
In the series of fermentations in which the yeast growth was held at 13 mg/ml, an aeration level of 42 was raised to approximately 25 mg/ml, the best erythritol yields were obtained at the higher level of aeration for the 15 and 20 % glucose levels. Yields of erythritol from the 10 % glucose medium were low at both aeration levels, due, perhaps, to the excessive yeast growth for the amount of glucose present. The aeration level necessary for good erythritol yields thus must be adjusted to the concentration of the yeast in the medium rather than to the sugar concentration.
Effect of high potassium chloride concentration. Onishi (1959) showed that, if high concentrations of potassium or sodium chloride are used in his media, the yields of glycerol produced by a strain of Saccharomyces rouxii are increased spectacularly. For example, in the basal medium, the glycerol yield was 10.9 % of the glucose consumed. When 18 % sodium chloride was added to the basal medium, the yields increased to 43.1 %. With 22 % potassium chloride, the yields increased to 43.5 %. It was of interest, then, to determine whether high concentrations of potassium or sodium chloride would increase the yield of erythritol in our fermentations. Sodium chloride had no effect on the fermentation at a concentration of 1 M in the standard medium, and there was no yeast growth at the higher concentrations. Potassium chloride had a strong effect on the fermentations (Table 8 ). In contrast to the basal medium, all media containing potassium chloride produced glycerol. As the concentration of potassium chloride increased, the yield of glycerol increased and the yield of erythritol decreased. The reason for this result is not known. Onishi (1959) also offered no explanation for his results. Because the objective of this work was to obtain as high yields of erythritol as possible, the subject was not pursued further.
Synthetic medium. Although the work with varying quantities of yeast extract and urea in the medium indicated that the amount of nitrogen in the medium was the (1944) and Olson and Johnson (1949) , was designed (Table 9 ). The key ingredients in this medium, which would have the greatest effect on yeast growth and erythritol yield, were assumed to be the source and concentration of the nitrogen, the concentration of inorganic phosphorus, and one or more of the vitamins. The nitrogen sources surveyed with the synthetic medium were ammonium carbonate, ammonium chloride, ammonium lactate, ammonium sulfate, diammonium citrate, L-glutamic acid, urea, and vitamin-free casein hydrolysate. The nitrogen content of the medium from all sources was held at the level of 0.1 %. These fermentations were compared to one with the yeast extract-urea medium run at the same time. The erythritol yields from the various media were as follows: yeast extract control, 34%; casein hydrolysate, 33%; L-glutamic acid, 27 %; ammonium lactate, 27 %; urea, 17 %; ammonium carbonate, 21 %; diammonium citrate, 10; % and zero yields from the ammonium chloride and ammonium sulfate media. The ammonium chloride and ammonium sulfate allowed some slight yeast growth. However, because the synthetic me-dium is not buffered, when some of the ammonium ion was used, the remaining chloride ion or sulfate ion reduced the pH of the media to 2.2, which was too low to allow further yeast growth.
With the use of both ammonium lactate and L-glutamic acid, several levels of nitrogen in the medium were run, ranging from 0.05 to 0.125%. The fermentations with both sources of nitrogen were comparable. At the lowest level of nitrogen, 0.05 %, the erythritol yield was 32 % in each case. As the nitrogen content of the media was increased, the erythritol yield dropped gradually until, at the 0.125 % nitrogen level, the yield from ammonium lactate was 21 % and from L-glutamic acid was 22 %. Yeast growth, likewise, was similar with the two nitrogen sources. At the 0.05 % nitrogen level, dry yeast weight was 15 mg/ml from both nitrogen sources. As the nitrogen content of the media increased, yeast growth increased to 23 mg/ml from ammonium lactate and 22 mg/ml from Lglutamic acid in the media containing 0.125 % nitrogen. In the synthetic medium, ammonium nitrogen is the equivalent of amino nitrogen for yeast growth and erythritol yields. As in the case of natural media, yeast growth must be limited by proper adjustment of the medium to obtain maximal yields of erythritol. This is most conveniently done by limiting the nitrogen content of the medium, although, presumably, other constituents such as growth factors may be used to control yeast growth. Hajny et al. (1960) showed that an excess of inorganic phosphate has a detrimental effect upon the yields of glycerol produced by Torulopsis magnoliae. The effect of phosphate concentration on erythritol yields was studied with the synthetic medium shown in Table 9 . The phosphate content of the media, as phosphorus, was varied from 0 to 800 mg of phosphorus per liter. The inocula for these fermentations were grown in the yeast extract-urea medium and washed twice in distilled water. Thus, the medium to which no phosphate was added contained only that phosphorus which was contained in the cells used in the inoculum. At the zero level of added phosphorus, yeast growth was only 3 mg/mul, so that sugar utilization was very slow. Erythritol yield was 14 % of the glucose consumed. With increasing concentrations of phosphorus, the yield of erythritol increased until a peak of 34.9 % was reached at a phosphorus level of 70 mg per liter. At 100 mg of phosphorus per liter, the erythritol yield had dropped to 19 %, and this yield was maintained up to 800 mg of phosphorus per liter, the highest level used. From 25 to 800 mg of phosphorus per liter, yeast growth was constant at 12 to 15 mg/ml. Thus, concentrations of phosphate greater than that required for growth greatly influenced the yield of erythritol.
Yeast species have widely varying requirements for vitamins. Some strains require as many as six of the vitamins of the "B" group, whereas others require none. Between these extremes, many single and multiple requirements are found.
The synthetic medium used in this work contained six vitamins. Fermentations using the complete synthetic medium were satisfactory. Further studies were made to determine which of the vitamins were essential. Inocula were grown in yeast extract-urea medium, and the centrifuged cells were washed twice in sterile distilled water and were resuspended in sterile distilled water for use as the inoculum. The inoculum was of such size that the fermentation medium contained 1 mg/ml of dry yeast when inoculated. Fermentations were made in which the synthetic medium contained all the vitamins, none of them, and in which the vitamins were omitted one by one (Table  10) . Erythritol yields and yeast growth were only slightly lower from the synthetic medium containing all the vitamins than from the yeast extract control medium. When all the vitamins or thiamine alone were omitted from the synthetic medium, yeast growth was poor, sugar utilization was low, and erythritol yields were nil. Omission of each of the other vitamins from the medium had substantially no effect upon the fermentation. Further fermentations were made in which thiamine was the only vitamin in the synthetic medium. These fermentations were comparable in all respects to fermentations in which all the vitamins were present. Three serial transfers were made in which the cells from a fermentation in the synthetic medium were used as inoculum, after being washed in sterile distilled water, for further fermentation in the synthetic medium. The last fermentation in the series was comparable to the first, so it may be concluded that the synthetic medium is complete in all respects for this organism for erythritol production.
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